ABSTRACT. Recombinant inbred lines (RILs) are a valuable resource for building genetic linkage maps. The presence of genetic variability in the RILs is essential for detecting associations between molecular markers and loci controlling agronomic traits of interest. The main goal of this study was to quantify the genetic diversity of a common bean 2 L.C. Silva et al. Genetics and Molecular Research 15 (3): gmr.15038112 RIL population derived from a cross between Rudá (Mesoamerican gene pool) and AND 277 (Andean gene pool). This population was developed by the single seed descent method from 500 F 2 plants until the F 10 generation. Seven quantitative traits were evaluated in the field in 393 RILs, the parental lines, and five control cultivars. The plants were grown using a randomized block design with additional controls and three replicates. Significant differences were observed among the RILs for all evaluated traits (P < 0.01). A comparison of the RILs and parental lines showed significant differences (P < 0.01) for the number of days to flowering (DFL) and to harvest (DH), productivity (PROD) and mass of 100 beans (M100); however, there were no significant differences for plant architecture, degree of seed flatness, or seed shape. These results indicate the occurrence of additive x additive epistatic interactions for DFL, DH, PROD, and M100. The 393 RILs were shown to fall into 10 clusters using Tocher's method. This RIL population clearly contained genetic variability for the evaluated traits, and this variability will be crucial for future studies involving genetic mapping and quantitative trait locus identification and analysis.
INTRODUCTION
Productivity and production of the common bean (Phaseolus vulgaris L.) in Brazil is limited by planting systems and by factors such as distribution, product marketing, and regional preferences. In terms of plant-related factors, susceptibility to pests and diseases, tolerance to lodging, inadequate plant architecture, efficiency of nitrogen biological fixation, nutrient absorption, sensitivity to drought and high temperatures, and nutritional and culinary quality of the crop have been highlighted (Barros and Souza, 2012) . Many of these latter limiting factors might be minimized by genetic-based plant breeding.
A promising approach for breeding is DNA marker-assisted selection. The advantages of the use of molecular markers for common bean breeding programs are that they are virtually unlimited in number, easy to detect, behave like simple traits with a predictable inheritance mode, and are not affected by the environment (Collard et al., 2005) . Genetic mapping of the positions of markers and the distances between them on chromosomes can be used to produce a linkage map. Such maps are invaluable for identifying chromosomal regions containing genes and quantitative trait loci (QTLs) related to traits of agronomic interest.
Different types of population are used for genetic mapping in plants, each with its particular strengths and limitations, such as F 2 generations, populations derived by selffertilization of the F 2 generation, recombinant inbred lines (RILs), double-haploid populations generated by crossing (Schuster and Cruz, 2004) , and nearly isogenic lines (Semagn et al., 2006) .
The common bean is a diploid legume (2n = 2x = 22) with a relatively small genome that contains 0.66 pg of DNA per haploid genome and corresponds to 6.33 x 10 8 bp (Arumugahathan and Earle, 1991) . Lamprecht (1961) produced the first published genetic map for common beans, thereby initiating the work of genetic mapping in this crop.
A population of 75 RILs obtained from a cross between BAT 93 (Mesoamerican) and Jalo EPP 558 (Andean) (Freyre et al., 1998) has frequently been used for genetic mapping studies in common bean; this group of RILs is generally named the BJ population. Grisi et al. (2007) used microsatellite markers to construct the first linkage map of the BJ population. However, the relatively small size of this population drastically affects the accuracy of the estimates of recombination rates and, consequently, the precision of the resulting genetic maps. To circumvent this problem, Embrapa Arroz e Feijão (Santo Antônio de Goiás, GO) crossed BAT 93 and Jalo EPP 558 to obtain a greater number of RILs, and raised the population size to approximately 200 RILs (Barros and Souza, 2012) . However, maintenance and multiplication of these RILs have not been effective due to their poor adaptation to Brazilian soil and climatic conditions, which has compromised the effective size of this population for genetic mapping and QTL analysis.
The International Center for Tropical Agriculture (CIAT, Cali, Colombia) developed a population composed of 87 RILs from a cross between DOR 346 (Mesoamerican) and G 19833 (Andean) , and this population has also been widely used for genetic mapping (Blair et al., 2003; Galeano et al., 2009) . Currently, however, seeds of these RILs are not readily available. Another mapping population was developed by Blair et al. (2012) and comprises 113 RILs derived from a cross between DOR 364 and BAT 447; both parents belong to the Mesoamerican gene pool. The small size of this population is a limitation; moreover, the availability of seeds for exchange and use by different teams is low.
Based on a simulation, Silva et al. (2007) estimated that populations of 200, 300, and 500 RILs are required for obtaining reliable maps with high, medium and low saturation levels, respectively. These saturation levels would correspond to 5, 10, and 20 cM between markers, respectively.
In this context, the Common Bean Breeding Program of the Federal University of Viçosa (UFV) developed a RIL population containing approximately 500 lines. This population was derived from a cross between Rudá (Mesoamerican) and AND 277 (Andean) and is currently at the F 10 generation (Sanglard et al., 2013) . This is a promising RIL population because it derives from parents of contrasting gene pools. The main goal of the present study was to quantify the genetic diversity of the Rudá x AND 277 RIL mapping population using seven traits of agronomic importance.
MATERIAL AND METHODS

Plant material
An RIL population of approximately 500 lines was obtained using the single seed descent (SSD) method from a cross between the cultivar Rudá (Mesoamerican) and AND 277 (Andean) (Sanglard et al., 2013) . In the present study, we used 393 of these RILs that had produced enough seeds to be evaluated in field trials. The Rudá cultivar was developed at CIAT from a cross between cultivars Carioca and Rio Tibagi. It was introduced into Brazil as line A285 by Embrapa Arroz e Feijão (Embrapa, 2014) .
Rudá has carioca type beans, the commercial grade that is most consumed in Brazil (70% of the market). This cultivar was used by UFV Bean Plant Improvement Program as the recurring parent in backcross programs to develop disease resistance. This program produced various isolines that have different combinations of genes resistant to anthracnose, rust, and angular leaf spot, fungal diseases caused by Colletotrichum lindemuthianum, Uromyces appendiculatus, and Pseudocercospora griseola, respectively. In addition, the program was used to develop disease resistant isolines with carioca beans using a molecular markerassisted pyramiding approach. AND 277 (Andean) was also developed at CIAT by the crosses [Cargabello x (Pompadour Checa x Linea 17)] x (Linea 17 x Red Cloud). This cultivar has resistance to angular leaf spot (Aggarwal et al., 2004) .
Morphoagronomic characterization
The field tests for agronomic evaluation of the 393 RILs were conducted during the irrigated growing season (August to November) in 2012 at UFV Experimental Station (20°50'30''S, 42°48'30''W, and altitude 720 m). The plants were grown in a 20 x 20 triple lattice design, with the 400-plant block comprising 393 RILs, the parental cultivars Rudá and AND 277, and five control cultivars (Pérola, BRSMG Madrepérola, MRS Estilo, BRSMG Majestoso, and RP-1). Each experimental plot was composed of 30 plants, distributed into two rows of 1.0 m each, with 0.5 m between the rows and 15 plants in each row. Agronomic traits were evaluated according to the "Minimum Bean Descriptors (P. vulgaris L.)" proposed by Serviço Nacional de Proteção de Cultivares of Ministério da Agricultura Pecuária e Abastecimento (MAPA, 2012) . The following traits were evaluated: number of days to flowering (DFL), which was defined as the period from emergence of at least 50% of the plants in the plot to the time when at least 50% of the plants had at least one fully open flower; number of days until harvest (DH), or cycle, defined as the time from emergence of at least 50% plants in the plot until at least 90% of the pods were dry; productivity (PROD) (kg/ha), which corresponds to the amount of beans (g) harvested in each plot in relation to the area of land (1.0 m 2 ); weight of 100 beans (M100), which corresponds to the weight of 100 beans sampled randomly from each plot; degree of flattening (H) and shape of bean (J), measured in five beans from each plot using the criteria of Puerta Romero quoted by MAPA (2012), which indicate the relationship between the thickness and width of the bean and the bean length and width, respectively. Plant architecture (ARQ) was evaluated when the plants in each plot had matured; the assessment was performed using the criteria described by Collicchio et al. (1997) .
Statistical analysis
The data on the traits DFL, DH, ARQ, PROD, H, J, and M100 were subjected to analysis of variance according to the model for the triple lattice 20 x 20. The data were also analyzed in randomized blocks design with additional cultivar controls, i.e., 393 RILs and two controls (the parents, Rudá and AND 277), based on the model:
where: Y ij = observation concerning the treatment i in block j; µ = overall average; t i = effect of the i th treatment [i = 1, 2, ..., (g + te) = T], and g is the number of genotypes/strains (g = 393) and the number of controls/parents (te = 2), both considered as random effects; b j = effect of block j (j = 1, 2 e 3); bj ∼ NID (0, σ 2 b
); e ij = random error, eij ∼ NID (0, σ 2 ).
The scheme for the analysis of variance with the sources of variation, degrees of freedom, sum of squares, mean squares, mean squares expectations, and F test are presented in Table 1 . The average of each RIL for the evaluated traits was compared with the average of each cultivar control (parent) using the Dunnett test at 5% probability. The averages of the 395 genotypes were assessed for clustering using the Scott-Knott test at the 5% probability level.
For the analysis of genetic diversity in the 395 genotypes, the Mahalanobis generalized distance was used as a measure of dissimilarity and, subsequently, the genotypes were analyzed for clustering by Tocher's method. The relative importance of the traits for genetic dissimilarities among the RILs was determined according to Singh (1981) . All analyses were performed using the program "Genes" (Cruz, 2013 
RESULTS
A summary of the outcome of analyses of variance and of the estimates of the efficiency of the lattice are presented in Table 2 . The efficiency of the lattice was low, at most 105.16%, that suggested that the analysis by randomized blocks model with additional controls. The observed values for the experimental coefficient of variation (CV%) were low, indicating that experimental accuracy was high. The CV% values ranged from 2.22% for DH to 17.58% for ARQ. There was a significant effect (P < 0.01) among RILs for all traits. A significant effect was observed for the source of parental variation, except for DH and PROD traits. The comparison RILs versus Parents was significant (P < 0.01) for the traits DFL, DH, PROD, and M100 but not for ARQ, H, or J ( Table 2) .
The averages of the 393 RILs for the seven traits were compared to the averages of the parents (Rudá and AND 277) using the Dunnett test at the 5% probability level and were clustered into classes of equal or statistically different averages in relation to Rudá and AND 277 (Table 3) . RILs showing transgressive segregation were observed for all traits except M100. For DFL, 37 RILs were observed with values exceeding Rudá (55.33 days); these DFL values ranged from 61.67 days (UFV-RA-033) to 81.00 days (UFV-RA-277). However, none of the RILs presented a statistically lower average than the AND 277 parent, which had a DFL of 42.67 days. With respect to DH, 134 RILs exceeded Rudá (97.33 days). The RILs UFV-RA-360 and UFV-RA-277 showed the greatest DH, with cycles of 117 and 116 days, respectively. Twelve RILs fell below that of the AND 277 parent (96 days) and had cycles of 90 days.
For ARQ, the RILs UFV-RA-127 and UFV-RA-030 had grade 5.0 and 4.5, respectively; these values were statistically higher than that of Rudá (3.17) . Eight RILs had a grade lower than that of AND 277 (2.33). None of the RILs were superior to Rudá (4652.38 kg/ha) regarding PROD. Indeed, 298 RILs produced less than the AND 277 parent (4495.24 kg/ha); RIL UFV-RA-135 (423.81 kg/ha) and RIL UFV-RA-277 (395.24 kg/ha) had the lowest yields. ** , *Significant at 1 and 5% probability, respectively, by F test; ns = not significant. 1 DFL: number of days to flowering; DH: number of days until the harvest; ARQ: plant architecture; PROD: grain productivity in kg/ha; H: degree of flattening; J: shape of seed; M100: mass of 100 seeds in gram. The AND 277 parental cultivar had an average value of 1.88 for J and was therefore classified as reniform type. Only RIL UFV-RA-365 had a significantly higher value (2.02); this was classified as long reniform type. By contrast, RIL UFV-RA-168 had a J value of 1.32 and was classified as spherical type; this was the only RIL that had a J value significantly lower than Rudá (J = 1.48, elliptical type). None of the RILs had an M100 higher than that of AND 277 (53.73 g) or lower than that of Rudá (17.19 g). Most of the RILs (293) showed intermediate values, while 100 were not statistically different to Rudá.
The results of the seven traits evaluated in the 393 RILs and their parents were analyzed using the Scott-Knott test for clusters (Table 4 ). M100 and DFL formed the largest number of clusters, 10 and 9, respectively. PROD and ARQ contributed to the lowest number of clusters.
1 DFL: number of days to flowering; DH: number of days until the harvest; ARQ: plant architecture; PROD: grain productivity in kg/ha; H: degree of flattening; J: shape of seed; M100: mass of 100 seeds in gram. Equal: class strains with statistically equivalent to the average parent AND 277 (A), Rudá (B) and either simultaneously (AB) (Dunnett test, P < 5%).
3 Diferent: class of strains with higher average (Bigger) than the parent with the highest average; class of strains with lower average (Less) than the parent with the lowest average; and class of strains with an average between the average of the parents (Between AB) (Dunnett test, P < 5%). Assessment of the relative contribution of each of the seven traits for the genetic dissimilarity among the RILs (Singh, 1981) is summarized in Table 6 . The traits that contributed most to genetic dissimilarity among RILs were M100 (34.58%) and DFL (19.54%) and those that contributed least were PROD (6.95%) and ARQ (5.28%).
We also used the Tocher agglomerative method and found that 10 clusters of RILs were formed based on a Mahalanobis generalized distance matrix (Table 5) . Rudá was included in cluster III along with other seven RILs, whereas AND 277 was separate from the RIL clusters and was the only member of cluster XI. 
DISCUSSION
The CV% vaalues observed for the evaluated traits (Table 2) were close to those reported by Ribeiro et al. (2009) in their study using 185 RILs from 11 different populations. According to Ramalho et al. (2012a) , low coefficients of variation are of interest because they provide more accurate estimates of genetic parameters.
The significant effects among the RILs for all traits (Table 2 ) indicated the existence of extensive genetic variability in this RIL population derived from Rudá and AND 277. This variability is essential for genetic mapping and QTL identification (Faleiro et al., 2003) . Other investigators also have observed significant differences in the traits DFL, DH, ARQ, PROD, H, J, and M100 in common bean. Blair et al. (2012) reported significant effects for DFL, DH, PROD, and M100, in 113 RILs derived from parents belonging to the same Mesoamerican gene pool. Faleiro et al. (2003) investigated 154 RILs derived from a cross between Ouro Negro and Rudá (both from the Mesoamerican gene pool) and found significant effects for the traits DFL, DH, and M100. Similarly, Beattie et al. (2003) reported significant effects for DH and PROD traits in 110 RILs derived from a cross between WO3391 and OAC Speedvale evaluated in different years and locations.
The genetic divergence of Rudá (Mesoamerican) and AND 277 (Andean) is expected as they belong to different gene pools. This divergence is confirmed by the significance of the parental sources of variation for most of the evaluated traits (Table 2) . Even in the case of DH and PROD, where the difference between parents was not significant, there was significant difference among the RILs in relation to the source of variation indicating the presence of some difference between the parents. This may be due to the complementarity of genes from Rudá and AND 277 parents in the control of DH and PROD.
The comparison RILs versus Parents showed the presence of a significant difference (Table 2) indicating that the average of the RILs differed from those of the parents. For DFL and DH, the RIL average was greater than those of the parents, whereas for PROD and M100, the parental average surpassed that of the RILs. No difference between the averages of the parents and RILs is expected in the absence of epistasis (Johnson and Gepts, 2002) . Thus, our results indicate the occurrence of epistatic interactions of the type additive x additive for the traits DFL, DH, PROD, and M100. It is worth noting that genetic mismatch effects have previously been observed in crosses involving Andean and Mesoamerican bean cultivars (Koinange and Gepts, 1992; Singh and Molina, 1996; Johnson and Gepts, 1999) . These effects are manifested primarily by cycle related traits and productivity (see discussion by Gepts, 1999, 2002) . However, Voysest (2000) presented a hypothesis for a Mesoamerican and Andean origin for the lineage AND 277 on the basis of the cross compatibility between this lineage and Mesoamerican cultivars. In an allelism study including AND 277, Caixeta et al. (2005) suggested that this common bean line harbors three angular leaf spot resistance genes (Phg-2 2 , Phg-3 2 , Phg-4 2 ) from a Mesoamerican origin. Transgressive segregation, i.e., RILs with averages higher or lower than those of the parents, were observed for all traits except for M100 (Table 3) . These results are one more indication of the high variability of the RIL population obtained from the cross between Rudá and AND 277. According to Ramalho et al. (2012b) , transgressive segregation in the F 2 generation to give individuals with performance outside the limits of the parents is due to by genotypic complementarity of the parents. It is worth noting that each RIL in this study was derived by SSD from a single individual of the F 2 generation.
Bean cultivars with a cycle less than 72 days are considered "early cycle", while those with cycles greater than 90 days are considered "late cycle". Most cultivars used by Brazilian bean growers are intermediate with a 90-day cycle (Buratto et al., 2007) . The use of early cultivars can be beneficial for rational use of land as they allow the grower the opportunity to choose the most suitable time for sowing and harvesting and, consequently, to grow successional crops. It is worth noting that RILs whose flowering periods and cycles are too long in relation to the parents (Table 3) or to conventional bean culture may be associated with the genetic incompatibility problems that can occur in populations produced by parents of very different gene pools.
Plants with an erect architecture combined with a high position of the first pod are desirable traits for mechanical harvesting, reducing losses, and increasing the quality of the harvested beans. In addition, these traits facilitate growing practices and reduce the occurrence of diseases such as white mold (Santos and Vencovsky, 2004) .
The search for genotypes with an erect architecture is a priority for breeders of common beans. This trait is complex, dependent on several others, and is affected by the environment. The diameter of the hypocotyl, the insertion angle of the branches, and the height of plants at harvest are the main determinants of the architecture of bean plants (Moura et al., 2013) . With regard to selecting more erect plants, Moura et al. (2013) reported that hypocotyl diameter is highly correlated with architecture and provided higher precision and greater ease in the assessment. Silva et al. (2013) and Rocha et al. (2012) found a predominance of additive effects on the genetic control of hypocotyl diameter and architecture of common bean plants. Rocha et al. (2012) additionally reported that the correlation between hypocotyl diameter and architectural grade is due to the additive effects of pleiotropic genes.
The low productivity of some RILs, such as UFV-RA-135 and UFV-RA-227, might be associated with genetic incompatibility problems that commonly occur in populations derived from crosses of parents from different gene pools. The non-occurrence of transgressive segregation for the M100 trait could be explained by the fact that AND 277 and Rudá showed the largest and the smallest genotypic values for this trait, respectively. Generally, the occurrence of transgressive segregation is indicative of gene complementarity between the parents (Rudá and AND 277), an important consideration in identifying RILs with high variability.
The Scott-Knott test showed clusters for all traits (Table 4) confirming the existence of variability among the RILs. In agreement with our observations, previous studies have reported that the weight of beans was the main trait involved in discriminating genotypes among common bean plants (Benin et al., 2002; Ribeiro et al., 2009) .
The separation of the 393 RILs into 10 clusters by the Tocher analysis (Table 5 ) also confirmed the high variability within the population. The inclusion of the parental types in different clusters is another factor that supported the presence of genetic diversity, as well as the effectiveness of the traits for evaluating the presence of genetic variability in the 393 RILs. Lima et al. (2012) examined 22 common bean traits in 100 accessions belonging to the Andean and Mesoamerican gene pools, obtained from the UFV common bean germplasm bank, and showed these fell into eight clusters. Of the 22 traits evaluated by Lima et al. (2012) , six match those used in this study: J, H, DFL, ARQ, PROD, and M100. Sanglard et al. (2013) , using a set of 126 SSR (simple sequence repeat) and 677 single nucleotide polymorphism (SNP) markers, estimated the genetic distance between Rudá and AND 277 as 78.6 and 71.3%, respectively. Cargnelutti Filho et al. (2008) also split an Andean cultivar and 12 other Mesoamerican cultivars by hierarchical and Tocher methods based on the Mahalanobis generalized distance matrix. Veloso et al. (2015) used molecular markers to assess genetic dissimilarity among cultivars and showed that the greatest difference belonged to the Black/Mesoamerican and Streaked/Andean types.
As in the present study, an evaluation of 13 genotypes (advanced lines and commercial cultivars) also detected that M100 was the trait that most contributed to the genetic dissimilarity in the common bean (Corrêa and Gonçalves, 2012) . Similarly, Benin et al. (2002) reported that the mass of thousand beans was the most important trait for the genetic dissimilarity in bean plant genotypes.
With regard to dissimilarity among RILs, the Scott-Knott analysis found a coincidence between the more important traits (M100 and DFL) and the less important traits (PROD and ARQ) in the numbers of clusters in which they were involved: M100 and DFL participated in 10 and 9 clusters, while PROD and ARQ were present in six and four clusters, respectively (Table 6) .
It is noteworthy that the present population of RILs is adapted to the soil and climate conditions of Brazil. This facilitates their maintenance and the exchange of seeds in this country, as well as large-scale field phenotyping.
We conclude that from the phenotypic characterization performed in this study, the 393 RILs derived from a cross between Rudá and AND 277 exhibited significant genetic variability and are thus promising materials for genetic mapping studies and the detection of QTLs. This population will be used by the common bean program conducted by UFV, Embrapa and partners for the development of a core genetic map for P. vulgaris that is both saturated with markers and has accurate estimates of recombination frequencies.
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